Abstract: Nano-sized hepatitis B virus core virus-like particles (HBc-VLP) are suitable for uptake by antigen-presenting cells. Mycobacterium tuberculosis antigen culture filtrate protein 10 (CFP-10) is an important vaccine candidate against tuberculosis. The purified antigen shows low immune response without adjuvant and tends to have low protective efficacy. The present study is based on the assumption that expression of these proteins on HBc nanoparticles would provide higher protection when compared to the native antigen alone. The cfp-10 gene was expressed as a fusion on the major immunodominant region of HBc-VLP, and the immune response in Balb/c mice was studied and compared to pure proteins, a mixture of antigens, and fusion protein-VLP, all without using any adjuvant. The humoral, cytokine, and splenocyte cell proliferation responses suggested that the HBc-VLP bearing CFP-10 generated an antigenspecific immune response in a Th1-dependent manner. By virtue of its self-adjuvant nature and ability to form nano-sized particles, HBc-VLPs are an excellent vaccine delivery system for use with subunit protein antigens identified in the course of recent vaccine research.
The number of new cases of tuberculosis (TB) continues to increase and approached 10 million globally in 2010. 1 Bacille Calmette-Guerin (BCG) vaccination has long been considered as the best known form of disease prevention for tuberculosis, but unfortunately its efficacy varies from 0% to 80%. 2 Clinical trials of BCG have shown an almost total lack of protection in regions of the world where the disease is widespread, and thus BCG vaccination can be considered ineffective. 3 In addition, BCG is a live vaccine and can cause disseminated disease in immunocompromised individuals. 4 Therefore, there is an urgent need to develop more effective vaccines against TB.
Vaccines based on minimal pathogen components that are able to stimulate a protective response in a host are called subunit vaccines. Adjuvant-mediated vaccines are more stable and safer than classical vaccines, but without adjuvants these vaccines are less effective. 5 Use of subunit vaccine with adjuvants is a promising approach for developing new vaccines against TB as well. In the case of TB, identification of Mycobacterium tuberculosis (Mtb) antigens recognized by both CD4 and CD8 T cells, which are capable of generating immune responses and blocking initial infection as well as reactivation, would be a good vaccine candidate. 6 The proteins secreted by Mtb have been suggested for the protective immune response of live vaccines, 7, 8 so a vaccine based on these proteins is a promising strategy for an effective vaccine against TB. strategy against TB. 10 Although a number of antigens with vaccine potential have been identified, the majority of vaccine studies have relied on a small number of immunodominant antigens from Mtb, of which one of the most studied is culture filtrate protein 10 (CFP-10). CFP-10 is strongly recognized as a T-cell antigen in the initial stage of infection and has well-characterized epitopes providing significant efficacy in animal models. [11] [12] [13] CFP-10 induces Cytotoxic T lymphocyte (CTL) activity and interferon-gamma (IFN-γ) production in animal models and in humans infected with Mtb, making it an excellent anti-TB vaccine candidate. 14, 15 A particulate vaccine delivery system, such as nanosized virus-like particles (VLPs), can act as adjuvant as well as antigen delivery through enhancing the antigen uptake by antigen-presenting cells. 16 VLPs also have a special advantage over a conventional system in size, stability, and capacity to transport across biological barriers. 17 Particles in the 20-200 nm range are also able to generate CD4, CD8, and Th1 responses. 18 Hepatitis B virus core protein-VLPs (HBc-VLPs) are in this size range and are able to generate both cellular and humoral immune responses. [19] [20] [21] Recent research has shown that in comparison to native antigens, the fusion of two or more proteins when administered with adjuvants generated protective immunity in animal models. 22 However, purified proteins show low immune response without adjuvants and tend to have a protective efficacy that is lower than BCG. CFP-10 is a major secretory protein and is one of the most immunodominant and pathogen-specific antigens from Mtb. 23 A few studies have shown that nanoparticle-mediated delivery of immunogens may result in improved protection against TB. [24] [25] [26] In this study we synthesized nano-sized HBc-VLPs bearing mycobacterial antigen CFP-10 and compared its immune response in a mice model. We also demonstrated that HBc-VLP::CFP-10 fusion protein induces an increased immune response in Balb/c mice compared to mixtures of native antigen.
Materials and methods

Gene amplification and plasmid construction
The gene sequence required for the formation of HBc-VLP (149 amino acid coding region) was amplified from genomic DNA of hepatitis B virus by using primers CEFP2 and CEHsR (designed to support a 6 HIS-tag at the C terminal of the expressed protein). The sequence of the HBc gene encoding major immunodominant region (MIR) was modified using overlap extension polymerase chain reaction (OEPCR) with primers CMPRP and CMPFP (Table 1) .
The resulting MIR sequence formed restriction sites for Eco RI and Hind III, which were flanked by two linker sequences (G 4 SG 4 T and G 4 SG 4 ) that replaced six nucleotides from the MIR region. The modified and unmodified HBc genes were separately cloned into pET32a by using Nde I and Xho I restriction sites, resulting in pETMHBc and pETHBc plasmids, respectively.
For cloning into pETMHBc, the CFP-10 coding sequence was amplified from Mtb H37Rv by using primers Mcfp10F and Mcfp10R, which had restriction sites Eco RI and Hind III. The complete CFP-10 gene was amplified from Mtb H37Rv by using primers CFP10ptF and CFP10ptR (designed to sport a 6 HIS-tag at the N terminal of the expressed protein) containing restriction sites Nde I and Xho I and was cloned into pET32a for expression and purification of CFP-10 (pETCFP).
Protein expression and purification
CFP-10 expression and purification
For CFP-10 expression, pETCFP was transformed into Escherichia coli BL21(DE3) (Novagen, Billerica, MA, USA). Protein expression was induced by adding isopropyl-1-thio-β-D-galactopyranoside (IPTG) at a final concentration of 0.5 mM at 28°C. The cell pellets were resuspended in lysis buffer (50 mM NaHPO 4 , 200 mM NaCl, pH 8), ultrasonicated, and centrifuged at 10,000 g for 20 minutes at 4°C. The clear supernatant was collected, and the protein was purified by immobilized metal affinity chromatography with Ni-silica resin (Promega, Madison, WI, USA). Protein-bound resin was washed with buffer containing 20 mM imidazole, and the bound protein was eluted with buffer containing 250 mM imidazole. The eluted protein was desalted and concentrated with a U-tube concentrator (Novagen). Protein concentration was estimated by using the BCA assay (Thermo Scientific, Rockford, IL, USA), analyzed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and confirmed by Western blot using anti-CFP-10 antibody (Thermo Scientific). Lipopolysaccharide (LPS) contamination was determined using the EndoLISA endotoxin detection assay (Hyglos GmbH, Bavaria, Germany).
Purification of VLPs
Plasmids pETHBc and pETMHBc::CFP-10 were transformed into E. coli BL21 (DE3), and protein expression was induced with 0.5 mM and 1 mM IPTG, respectively. Purification of HBc-VLPs and fusion protein VLPs (FVLP) was performed as noted in earlier reports 27, 28 with minor modifications. Briefly, C-terminal HIS-Tagged proteins were purified using submit your manuscript | www.dovepress.com
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Ni-silica resin, and reassembled VLPs were recovered by 10%-60% sucrose density gradient ultracentrifugation. Proteins were detected by Western blotting using anti-HBc and anti-CFP-10 antibodies.
Transmission electron microscopy
Sucrose density gradient fractions were diluted in phosphatebuffered saline (PBS), layered onto copper grids, and negatively stained using 2% uranyl acetate. Electron micrographs were obtained on a transmission electron microscope (Jeol, Tokyo, Japan).
Animals and immunization
Pathogen-free Balb/c female mice (6-8-weeks old) were used for this study, and all experiments were approved by the Institutional Animal Ethics Committee. We used five groups of eight mice each: G1, sham immunized; G2, CFP-10 immunized; G3, HBc-VLP immunized; G4, HBc-VLP and CFP-10 protein mixture (ratio similar to FVLPs) immunized; G5, FVLP immunized. Each group was immunized three times at 2-week intervals. One week after the final immunization, mice were sacrificed and blood and spleen were collected aseptically. The spleens were crushed and passed through a 70 µm cell strainer (BD Falcon, Bedford, MA, USA). The red blood cells were lysed by using Ammonium-chloride-potassium (ACK) lysis buffer (150 mM NH 4 Cl, 10 mM KHCO 3 , 0.1 mM EDTA, pH 7.4) and then resuspended in warm RPMI (Sigma-Aldrich, St.Louis, MD, USA). The spleens were all processed separately.
Antibody assay
Direct enzyme-linked immunosorbent assay (ELISA) was used for detection of anti-CFP-10 antibodies in the sera of immunized animals. Briefly, ELISA plates (BD Falcon) coated with CFP-10 (5 µg/well) in PBS overnight at 4°C were blocked with 3% bovine serum albumin in PBS for 2 hours, washed with PBS containing 0.05% Tween 20, and incubated with 1:500 prediluted serum. The washed plates were incubated with horseradish peroxidase-conjugated anti-mouse immunoglobulin (Ig)G (Sigma-Aldrich) or anti-mouse IgG1 or anti-mouse IgG2a (Santa Cruz Biotechnology, CA, USA). The plates were developed with tetramethylbenzidine substrate solution (BD Biosciences, San Jose, CA, USA) and 1 M H 3 PO 4 . The optical density (OD) at 450 nm was read on a microplate reader (Bio-Rad, Laboratories, Hercules, CA, USA).
Cytokine analysis
Splenocytes (2 × 10 5 cells/well) were cultured in 96-well plates (BD Biosciences) in RPMI 1640 supplemented with 1% penicillin-streptomycin, 1 mM glutamine, and 10% Fetal borine serum (FBS) at 37°C/5% CO 2 . Triplicate wells were stimulated with buffer (control), concanavalin A (Con A ), CFP-10, and culture filtrate (CF) of Mtb (prepared as per an earlier report) 29 at 5 µg/mL. Supernatants were collected after 72 hours and IFN-γ, Interleukin (IL)-2, tumor necrosis factor (TNF), IL-5, and IL-10 were quantified using cytokine ELISA (BD Biosciences).
Lymphocyte proliferation assay
Splenocytes (4 × 10 5 cells/well) were cultured in RPMI supplemented with 10% FBS and stimulated with CFP-10 (5 µg/mL) and Con A in triplicate. After 72 hours cell proliferation was assessed by using the CellTiter 96 kit (Promega) according to the manufacturer's instruction. The proliferative responses were expressed as the stimulation index (SI),
ELISPOT assay
Enzyme-linked immunospot (ELISPOT) assays were performed with the ELISPOT assay kit (BD Biosciences). Briefly, plates were coated with anti-mouse IFN-γ antibody and blocked with RPMI, 10% FBS, and L-glutamine. Splenocytes taken from individual mice were cultured in triplicate (at 5 × 10 5 cells/well) in RPMI for 20-24 hours at 37°C and 5% CO 2 with Con A or antigen (CFP-10). Cells were discarded post stimulation, and plates were developed with 3-amino-9-ethylcarbazole (AEC) substrate reagent (BD Biosciences). Spots were counted under a dissecting microscope (Olympus, Tokyo, Japan).
Statistical analysis
Statistical analysis was done by parametric testing of mean values via one-way analysis of variance (with Tukey's post hoc testing to identify between-group significance).
Results
Expression of CFP-10, hBc, and FVLP
Western blot using anti-CFP-10 and anti-HBc antibodies showed that all proteins were expressed correctly ( Figure 1) . Electron microscopic studies revealed that both HBc and fusion protein formed VLPs (Figure 2 ). The LPS levels in the purified proteins were found to be low at ∼1 ng/mg of antigen.
FVLP generated a higher CFP-10-specific humoral response
To analyze whether the FVLP could enhance immunogenicity when compared to CFP-10 protein alone, ELISA was performed to detect the levels of anti-CFP-10 antibodies in the sera collected from mice immunized with different proteins. The results showed that FVLP was more immunogenic and produced higher antibody responses than CFP-10 alone (P , 0.001) or CFP-10 mixed with HBc (P , 0.001) ( Figure 3A ). IgG1 production against FVLP was less than that of the other two groups (Figure 3B ), although this was not statistically significant. However, significantly higher levels of IgG2a antibodies (P , 0.001) were produced against FVLP when compared to mixed proteins/CFP-10 ( Figure 3C ).
Cytokine response
Splenocytes from different groups of mice were stimulated with CFP-10, and cells from FVLP-immunized mice showed significantly higher production of IFN-γ, IL-2, and TNF compared to splenocytes from CFP-10 or mixture-immunized mice ( Figure 4A-C) . Interestingly, except for TNF the same picture emerged when they were stimulated with CF. Stimulation of splenocytes from fusion protein-immunized mice with either CFP-10 or CF showed lower levels of both IL-5 and IL-10 ( Figure 4D and E), although this was not statistically significant when compared to CFP-10 or mixtureimmunized mouse cells.
FVLP-generated antigen-specific splenocyte proliferation
Splenocytes from animals immunized with CFP-10 (G2) and FVLP (G5) produced significantly higher proliferative responses on stimulation with CFP-10 in vitro when compared to cells from the other three groups. Mice that were immunized with FVLPs demonstrated maximum proliferation of splenocytes against CFP-10 (P , 0.001) ( Figure 5 ).
FVLP-generated antigen-specific IFN-γ secretion
The number of IFN-γ-secreting cells was enumerated by ELISPOT assay. The cells from different groups of mice were stimulated with CFP-10. The FVLP group showed significantly (P , 0.001) higher numbers of IFN-γ-secreting cells compared to cells from CFP-10 alone or the protein mixture-immunized group of mice ( Figure 6 ).
Discussion
CFP-10 is one of the ideal candidates for a subunit vaccine, either by itself or in combination with other relevant antigens of Mtb against TB. 30 However, the specific immune response depends on the method of antigen delivery to the immune G2  G3  G4  G5  G1  G2  G3  G4  G5  G1  G2 *** *** *** *** 
Notes:
The data are presented as mean ± standard deviation. Statistical significance between groups is indicated as ***P , 0.001. Abbreviations: OD, optical density; CFP-10, culture filtrate protein-10; G1, buffer-immunized group; G2, CFP-10-immunized group; G3, HBc-VLP-immunized group; G4, hBc + CFP-10 mixture-immunized group; G5, FVLP-immunized group.
system. 31 The critical component of protective immunity against TB is the T-cell-mediated response characterized by the secretion of IFN-γ and other cytokines. 32 Some recent studies have also suggested that antibodies also enhance the protective effect against TB. 33, 34 These reports strengthen the emerging view that the most effective immune response is the one that combines both humoral and cellular components. 33 In this study, we expressed the full-length CFP-10 protein on HBc-VLP. Results from electron microscopy coupled with Western blots confirmed that the fusion protein was correctly expressed, was able to form VLPs, and that the presence of CFP-10 antigen did not affect VLP assembly. The immune responses generated by FVLP were analyzed after immunizing Balb/c mice with mixtures of separate antigens and as fusion VLPs. This also helped to analyze the self-adjuvant nature of HBc-VLPs. Our results showed that except for FVLP-immunized mice, other groups were not able to confer the same level of immune response. This strongly suggests that VLPs are an excellent carrier of Mtb antigens and could act as a self-adjuvant, an important factor for vaccination. The high antibody response to the FVLP-immunized group contrasts with the fact that simply mixing the CFP-10 protein in its native form with HBc-VLP was not able to generate similar antibody responses. Thus, the mere presence of CFP-10 protein and native HBc-VLP was not sufficient to generate strong immune responses, emphasizing that a proper display of foreign antigen on VLPs is essential. The high level of IgG2a response to FVLP was not achieved when the mice were immunized with mixtures of antigen. The significant elevation of anti-CFP-10 IgG2a in G5 mice indicates that a fusion protein carrier induces preferentially Th1-type priming and interaction, even though IgG1 (a marker of Th2 immune response) is usually the predominant isotype in Balb/c mice. 35, 36 IFN-γ has been shown to be indispensable for resistance to mycobacterial and other intracellular infections and is often used as a single readout for Th1 responses. Notes: Lymphocyte proliferation in response to CFP-10 (5 µg/mL) stimulation was evaluated using the CellTiter Cell Proliferation assay. Absorbance was measured at 490 nm, and the proliferative responses were expressed as the stimulation index (SI). Con A (5 µg/mL) was used as control. The data are presented as mean ± standard deviation. Statistical significance between groups is indicated as ***P , 0.001. Abbreviations: CFP-10, culture filtrate protein-10; G1, buffer-immunized group; G2, CFP-10-immunized group; G3, hBc-VLP-immunized group; G4, hBc + CFP-10-immunized group; G5, FVLP-immunized group; Con A, concanavalin A.
10 stimulation in splenocytes of mice immunized with FVLP is a further indication of proper antigen delivery by VLPs. In addition, these splenocytes also showed significant induction of IFN-γ on stimulation with CF of Mtb. This was interesting because the secretion of CF proteins in experimental conditions resembles an environment that Mtb encounters in the host cell. In the absence of an infection model in this study, this immune response to CF can be considered as a protective response against Mtb challenge. IL-2 plays a major role in activation and proliferation of cytotoxic (CD8 + ) T cells that develop later in the acquired immune response. [38] [39] [40] Studies have also suggested a significant role for CD8
+ cells in protective immune responses against Mtb. 41, 42 The increased levels of IL-2 against CFP-10 and CF of Mtb also suggest a tilting of immune response in a Th1-dependent manner. TNF on its own is another effector cytokine that can synergize with IFN-γ to eliminate intracellular pathogens. 22, 43, 44 The higher secretion of TNF in G5 upon stimulation with CFP-10 points to the fact that FVLP was able to induce a protective type of immune response. Compared to all other mice groups, the minimal production of IL-5 and IL-10 in G5 on stimulation submit your manuscript | www.dovepress.com
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with CFP-10 also emphasizes that a Th1 response is actually predominant when Mtb antigen is delivered as an FVLP.
Proliferation analysis indicated that mycobacterial antigen CFP-10 generated significant cell proliferation in mouse splenocytes when antigen was delivered as an FVLP. The ELISPOT analysis also supports the cytokine and ELISA results, indicating the generation of a Th1 immune response in G5 mice.
Adjuvants play a significant role in the nature of immune responses generated by any vaccine and they can direct the immune system in favor of a Th1-or Th2-type response. 45, 46 The Th1 response is essential for protective immunity against intracellular infectious agents and presumably against Mtb also. 47 The currently available adjuvants, such as water/ oil emulsions and alum, mainly elicit Th2 immunity and are therefore frequently ineffective against intracellular pathogens, such as Mtb, that require a Th1 response. 48, 49 A few of the available adjuvants, such as lipid A and its derivatives, are capable of modulating cytokine and IgG isotype profiles characteristic of Th1 immunity. However, they are unable to mount a good T-cell response against soluble or exogenous antigens, a feature that is essential for the development of an effective subunit vaccine against infectious agents like Mtb. 45, 46, 50 Functional T cells, especially from a Th1 response, are necessary for generating a protective immune response to Mtb, 41, 51 and therefore for developing an effective TB vaccine, it is essential to identify more vaccine candidates and validate these in animal models.
Recently a study showed the generation of 6kDa early secretory antigenic target (ESAT-6) specific immune responses in mice after immunization with hepatitis B core VLPs on Al(OH) 3 adjuvant. 52 This study showed increased antibody responses to ESAT-6 along with an increase in INF-γ-secreting cells, and our results corroborate their finding that hepatitis B core VLPs can be an efficient antigen carrier. Further, our results strongly suggest that antigen presentation on HBc-VLP obviates the need for an adjuvant and is able to generate Th1 immune responses.
HBc-VLPs are noninfectious. Unlike other VLPs they are not involved in virus receptor interactions and are not a target of neutralizing antibodies, and therefore carrier suppression would not be a major challenge. 53, 54 One of the major constraints in using HBc-VLPs as a vaccine delivery system is the inhibition of the assembly of the VLP by the inserted sequence. Therefore, in a modification of an earlier reported work, 55 we altered the core gene with a Gly-rich linker sequence and inserted restriction sites in the MIR coding region such that foreign protein sequences could be inserted into the modified part. This significantly reduced the problem associated with assembly. HBc-VLPs are generally known to be extremely stable as they are resistant to denaturing agents and variations in pH and temperature, and these VLPs can be produced in all known homologous and heterologous expression systems. 56 The capacity to cross present antigens is an added advantage of HBc-VLPs as a vaccine delivery platform against TB. 57, 58 In conclusion, our results show that the self-adjuvant and immunoenhancing properties of nano-sized HBcVLPs could be an excellent platform for vaccine delivery against TB. 
Notes:
The data are expressed as the mean ± standard deviation. Statistical significance between groups is indicated as ***P , 0.001. Abbreviations: CFP-10, culture filtrate protein-10; ELISPOT, enzyme-linked immunospot; IFN-γ, interferon-gamma; G1, buffer-immunized group; G2, CFP-10-immunized group; G3, hBc-VLP-immunized group; G4, hBc + CFP-10-immunized group; G5, fusion protein-immunized group; SFC, spot forming units; Con A, concanavalin A.
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